A p-GaInP 2 photocathode was paired with nanostructured hematite and tungsten trioxide photoanodes to investigate the utility of these systems for direct water splitting under visible light illumination. For the hematite system, under illumination at open-circuit conditions, the potential of hematite shifts cathodically and that of the GaInP 2 shifts anodically. Under short-circuit condition and visible light illumination, the combination of the two photoelectrodes can split water, though with a very low rate of a few A/cm 2 even at an intensity of 1 W/cm 2 . It was determined that the very low photocurrent from the hematite nanorod photoelectrode limits the short-circuit current of the two-photoelectrode combination. Similar potential shifts were observed with the nanostructured WO 3 /GaInP 2 combination. However, at light intensities below 0.2 W/cm 2 , the short-circuited combination would not split water due to an insufficient potential difference. Above 0.2 W/cm 2 , the combination can split water under visible light, with ϳ20 A/cm 2 obtained at 1 W/cm 2 . A linear photocurrent-light intensity relationship was observed and was attributed to efficient charge transfer and a low recombination of the charge carriers. The bandgap and the associated absorption limit of WO 3 remain a challenge for a higher efficiency system.
The local acceleration of gravity was measured by analyzing the motion of an object in freefall. A spark gap apparatus operating at 60 Hz was employed to record the position of a falling bob as a function of time. The analysis indicated the bob accelerated at a rate of 9.83 ± 0.05 m/s 2 . The measured acceleration of gravity is statistically indistinguishable from the previously determined value of 9.8038 ± 0.0008 m/s 2 .
Introduction:
This section of the paper should introduce the history and theory behind the topic explored in your report. For instance, in the case of a freefall lab there would be a statement or two about Newton's Universal Law of Gravitation, a derivation of the acceleration of gravity at the Earth's surface using measured data on the mass and radius of the Earth, an explanation of how the local acceleration of gravity is affected by altitude and geologic factors such as large bodies of water or ore deposits, a reference to one or two previous measurements, and an introduction to the context of the present experiment, such as "In this paper we report an attempt to verify the local acceleration of gravity as a part of the normal laboratory sequence in the Physics 250 University Physics II course." A few citations should be included, and formatted according to the American Physical Society style (http://authors.aps.org/STYLE/ms.html#chrt ).
Experimental Method:
In this section you should describe concisely but completely the apparatus you used to make the measurements. The description should be sufficiently detailed that some other student at a university far away could reproduce the experiment based on what you wrote. However, you are not to simply type the step-by-step instructions given in your lab instruction handout. Describe the equipment and the procedure you used in your own words, and in past tense, not the imperative tense (as in a recipe in a cookbook). "…The spark timer was energized shortly before the electromagnet was de-energized, so that sparks jumped from the bob, through the wax paper, and to the ground wire at 60 Hz while the bob was in freefall. The resulting record of dots on the wax paper strip was analyzed in the following way."
7. Data: In this section you should briefly describe the data that was recorded and point the reader either to a table or to a graph that depicts the collected data. You should also describe the uncertainties in the measurements and the origins of those uncertainties.
Results and/or Discussion:
In this section you should report exactly how you extracted the results (in this case, the acceleration of gravity and its uncertainty) from the data, if you haven't already reported it in the Experimental Method section. You should make some statements about how precise (size of the error bars) and how accurate (how close the mean value was to the accepted value) your results are, about which sources of error were most significant, and about how the experiment could have been improved. The local acceleration of gravity was measured by analyzing the motion of bob falling freely through a spark gap apparatus. The bob accelerated at a rate of 9.83 ± 0.05 m/s 2 . This value compares favorable with a previously determined value. Further work will be required to reduce the uncertainty in the measurement, perhaps by employing a video analysis technique or other electronic apparatus that could collect data more rapidly than the spark timer employed in this project.
The grading rubric that will be used to evaluate the formal report is as follows:
Content Points
Introduction ( 1 the photoelectrochemical production of hydrogen and oxygen from water has received considerable attention. [2] [3] [4] [5] [6] [7] [8] [9] While TiO 2 remains the most studied electrode, its wide bandgap ͑ϳ3.2 eV͒ means that it can only operate with ultraviolet ͑UV͒ light, leading to low solar conversion efficiencies for hydrogen production. Attempts to search for more suitable semiconductors ͑SCs͒ have continued.
For photoassisted water splitting, the ideal semiconductor must satisfy the following criteria:
1. A potential difference between the majority and minority carriers greater than 1.23 eV, which is the equilibrium potential difference between the hydrogen evolution reaction ͑HER͒ E 0 ͑H 2 /H 2 O͒ and the oxygen evolution reaction ͑OER͒ E 0 ͑H 2 O/O 2 ͒ at 25°C. If overpotentials for both the HER and OER are considered along with energy losses in the semiconductor, the minimum bandgap would be in the range of 1.6-1.9 eV. For reasonable solar conversion efficiencies, most of the visible light spectrum must be absorbed, which places an upper limit on the bandgap of less than about 2.2 eV.
2. The bandedges of the SC should straddle the energy levels of HER and OER. In other words, for p-type, the conduction band ͑CB͒ edge energy level should be higher than the H 2 3. The SC must be stable in aqueous solutions. 4. For commercial viability the quantum efficiency should be better than 60% across the visible spectra, and ideally the material should be inexpensive.
To date, no such single-junction SC material has been discovered that satisfies all these criteria. The most stable SCs in aqueous solutions are oxides, but their bandgaps are either too large for efficient light absorption, their bandedges do not match with the HER and OER levels, 2, 3 or their semiconducting properties are poor. Different approaches have been tried to overcome these limitations. One method to increase the absorption range is to dope the wide bandgap SC ͑usually oxides͒ to form lower band states, allowing some part of the visible spectra to be used. 4, 5 An approach to make up for energetic mismatch is to bias the photoelectrode. One way to provide a bias is via a multijunction device, 6 in which the bottom layer͑s͒ of the SC͑s͒ structure provides the necessary bias for the top-layer SC to drive the water-splitting reaction. The monolithic p-GaInP 2 /n/p-GaAs photoelectrochemicalphotovoltaic tandem cell device is a classic example of such a device. 7 The device, consisting of a top p-GaInP 2 layer connected in series to an n/p GaAs bottom cell on a GaAs substrate, showed a 12.4% solar-to-hydrogen conversion efficiency with a 24 h lifetime. A bias has also been provided by a dye-sensitized nanocrystallinenanoporous solar cell ͑Grätzel cell͒. 10 A light-to-chemical conversion efficiency of 4.5% for hydrogen was reported from that configuration. 3 Triple-junction hybrid water-splitting systems could further extend the light absorption into the infrared. 8 The common point in these multiple photoabsorber approaches is that two or more photons are required to generate one electron in the external circuit. However, the advantage of this approach is that it would allow the use of lower energy photons that would ordinarily be unused in single SC configurations.
The energy for spontaneous water splitting could also be provided by combining two photoelectrodes, one n-type and one p-type. In earlier studies, Nozik used single crystals of n-TiO 2 and p-GaP as photoelectrodes and bonded them together through the ohmic contacts. 11, 12 The general theory concerning the combination of a photoanode and a photocathode has been given. 11, 12 This combination relaxes the criteria of the energetic overlap in that only the conduction band of the p-type and the valance band of the n-type must span the water redox reactions. This increases the number of SCs that could be applied toward water splitting. However, due to material costs and the shortage of other suitable SCs, this approach has received limited attention for three decades.
In this report, we present two p/n combinations, one using hematite nanorod thin films for the n-type SC with p-GaInP 2 for the p-type SC, the other a WO 3 film with the p-GaInP 2 . p-GaInP 2 has been studied extensively [13] [14] [15] [16] [17] and it has been used successfully as the photocathode for a water-splitting device. 7 Hematite is a wellknown n-type SC, however, with a very low photoresponse. In this aspect, a thin WO 3 film could be an alternative photoanode for the p/n combination due to different available deposition techniques, 8, 9, [18] [19] [20] [21] fast charge transfer, and high quantum yield. 18, 19 However, the wide and indirect bandgap of WO 3 ͑ϳ2.6 eV͒ 9,19-21 is a challenge for the efficient absorption of visible light. Figure 1a shows the modified combination in which a photoanode ͑hematite͒ and a photocathode ͑p-GaInP 2 ͒ are separated for better usage of the solar spectrum, better monitoring of the current via the external circuit, and for matching the two SCs. In the layered setup in Fig. 1a , the SC with a wider bandgap ͑hematite in this case͒ is on the top and the SC with a smaller bandgap ͑p-GaInP 2 in this case͒ is on the bottom. Thus, light illuminates the SC with a wider bandgap first, and higher energy photons ͑lower wavelength͒ are expected to be absorbed by the SC with wider bandgap. The bottom SC with a lower bandgap is expected to absorb photons with wavelengths between the cutoff of the top SC and the absorption edge of the bottom SC. In this way, the light spectrum can be utilized more efficiently. Because the two photoelectrodes can be studied independently, the total light-to-chemical efficiency can be optimized. Figure 1b shows the energy diagram of the device. Under bandgap illumination, the n-type SC ͑hematite͒ generates an electron-hole pair. The hole ͑h͒ will oxidize water, resulting in oxygen evolution, while the electron ͑e͒ will migrate to the back contact and enter the external circuit. Similarly, the p-type photocathode ͑p-GaInP 2 ͒ will generate an electron-hole pair under bandgap illumination. The electron will combine with a proton in the electrolyte to generate hydrogen gas, and the hole will migrate to the back contact, recombining with the electron from the external circuit. These photoelectrodes must be simultaneously illuminated for the device to operate; two photons are needed to obtain one electron in the external circuit. Considering there may be a more optimal band-edge energy alignment, and that stability issues exist for the materials investigated, it is clear that other p/n semiconductor combinations could be discovered and developed.
Experimental
The p-GaInP 2 ͑2Ϫ3 µm thick͒ electrodes used in this study were grown by atmospheric-pressure organometallic vapor-phase epitaxy at the National Renewable Energy Laboratory. 22 The direct transition bandgap of the GaInP 2 was 1.83 eV. [13] [14] [15] [16] Nanorods of hematite thin film on conducting glass substrate with a sheet resistance of 8 ⍀/Ǣ ͑Tec8, Hartford Glass Co.͒ was kindly provided by Professor Lindquist of the Department of Physical Chemistry at Uppsala University ͑Sweden͒. According to previous investigations of this material, the hematite nanorods are normally 0.5-0.7 m thick with well-defined elongated nanocrystals oriented perpendicular to the substrate. [23] [24] [25] A mixed direct and indirect bandgap of ϳ2.1-2.2 eV was observed. 24 The preparation of nanostructured WO 3 thin films has been described elsewhere. 19 A direct bandgap means that the SC displays a fully allowed transition between the VB and CB. 25 In these materials, the absorption coefficients are large and the light is strongly absorbed close to the surface of the solid. An indirect bandgap means that the lowest energy transition between VB and CB is formally optically forbidden in the SC. 25 Indirect bandgap materials, which are common for metal oxides, generally display small absorption coefficients for photons near the bandgap energy.
In this study, we employed a ca. 3.0 µm thick WO 3 film on a conducting glass substrate with sheet resistance of 8 ⍀/Ǣ ͑Tec8, Hartford Glass Co.͒. The thickness of the film was determined by means of an Alpha-Step10 Profiler ͑Tencor Instruments͒. Electrodes were cut from larger SC samples. Electrical contact was established by contacting the conducting side of the substrate with a copper wire and silver paint. The edges and the exposed area of the back contact were then covered with an insulating epoxy resin to eliminate possible leakage and shorting.
Owing to the stability issue for hematite in strong acidic solutions, a 0.5 M KNO 3 solution of pH 5.70 was prepared with reagent grade chemicals and deionized ͑18 M⍀͒water. The pH of the solution was buffered with K 2 HPO 4 and KH 2 PO 4 . A solution of 3 M H 2 SO 4 was prepared as the testing electrolyte for the nanostructured WO 3 /p-GaInP 2 combination, because this solution was the most suitable for p-GaInP 2 . 16 The cell used was made of Pyrex glass, and was placed inside a dark box to eliminate the influence of stray light. A 250 W Oriel tungsten-halogen quartz lamp was employed as the light source. According to the manufacturer's specification for the lamp, the light intensity below 350 nm is so low that the output from the lamp can be treated as white light only. The light intensity was calibrated using an Astral AC2500 calorimeter and AD30 Power & Energy Measurement System ͑Scientech, Inc.͒.
We used both two-electrode and three-electrode electrochemical system setups for the measurements. In both setups, a saturated Ag/ AgCl electrode ͑SSE͒ was employed as the reference electrode. All the potentials will be referred to SSE unless otherwise specified. The two-electrode setup was used to observe the behavior of both photoanodes and GaInP 2 under open-circuit and short-circuit conditions. In the two-electrode setup, the photoanode ͑hematite or WO 3 ͒ and the photocathode ͑GaInP 2 ͒ were layered according to Fig. 1a , immersed in the electrolyte, and then illuminated. An Ag/AgCl reference electrode was immersed in the same cell. In this case, the individual potential of the electrodes and the voltage difference between electrodes were monitored by means of high-impedance multimeters. With the change in the input light intensity, a stabilizing period of 2-3 min was required before each reading; the shortcircuit photocurrent was registered in a similar way.
A conventional three-electrode system was employed to study the photoresponse of the individual electrodes. For this setup, a platinum sheet was used as the counter electrode. The measurement 
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Journal of The Electrochemical Society, 155 ͑5͒ F91-F96 ͑2008͒ F92 was then carried out by means of a potentiostat ͑Solartron 1286͒ interfaced with a PC. The potentiodynamic polarization technique was used in the investigation. For these tests, the electrode was first stabilized under a light intensity of approximately 1 W/cm 2 ͑10 suns͒ at a specific potential for 2 min. Then, a potential scan was carried out with chopped light, with 2 min on and 2 min off. The scan rate was 0.5 mV/s for hematite and 1 mV/s for the GaInP 2 electrode. The scanning direction was from anodic to cathodic potentials for hematite, and from cathodic to anodic potentials for p-GaInP 2 .
Results and Discussion
Open-circuit and short-circuit conditions for hematite/p-GaInP 2 in pH 5.7.-Open-circuit potential ͑OCP͒ represents the Fermi level of the SC ͑E F ͒ in contact with the electrolyte. For the twoelectrode system to work, the Fermi level of the n-type SC must be more negative than that of the p-type SC to ensure the electron flow in the external circuit. In the dark and in equilibrium with the electrolyte ͑pH = 5.7͒, the OCP of the hematite electrode was 33.8 mV and the OCP of the GaInP 2 electrode was −6.0 mV ͑not plotted in the figures͒. After the two electrodes were layered according to Fig.  1 and illuminated, the potential of the hematite shifted cathodically and that of the GaInP 2 anodically. The typical behavior is shown in Fig. 2a . With increasing light intensity, the potential of hematite shifts continuously, heading to a stable value. GaInP 2 shows a similar behavior but with a larger gradient. This means that the potential difference between the two electrodes increases with increasing light intensity. Figure 2b plots the open-circuit voltage ͑OCV͒ between the two electrodes vs light intensity. If we plot the OCV against the potential difference of the two photoelectrodes, a straight line is obtained ͑inset of Fig. 2b͒ . The slope of this line is 0.99666, very close to 1. This indicates that the OCV is due to the Fermi level difference between the two electrodes. This difference, solely due to the illumination intensity, is the driving force for the two-electrode system to work.
When the two electrodes were short-circuited in the dark, the dark current trended to 0. When they were layered according to Fig.  1a and illuminated, we observed a short-circuit photocurrent ͑Fig. 3͒. As expected, the photocurrent increased with increasing light intensity. Figure 3 shows the curves for the hematite electrode illuminated from the electrolyte/electrode interface ͑EE illumination͒ ͑Fig. 1a͒, as well as illuminated from the substrate/electrode interface ͑SE illumination; the hematite electrode is turned 180°͒. Note that the SE illumination provides a higher photocurrent than the EE illumination. For nanostructured film electrodes, the charge carriers produced in the vicinity of the back contact are collected more efficiently. 26 This is because the excited charge near the SE interface has a shorter distance to travel to the back contact than those carriers generated near the EE interface. 26 The absorption coefficient of ϳ10 7 m −1 between 340 and 500 nm for hematite nanorod indicates that 90% of the light is absorbed within 100 nm. 24 Therefore, light will be absorbed closer to the back contact and generate charge carriers upon SE illumination. Under EE illumination, however, there will be losses during the transport of the charge carriers from the outer part of the nanorods to the back contact. This is a typical characteristic for a material with a low electron mobility and short hole diffusion length. 27 Photoresponse of hematite and GaInP 2 .-The hematite nanorod electrode was illuminated from the SE interface ͑SE illumination͒ at a light intensity of 1 W/cm 2 at 1.2 V for 2 min; then, the potential was scanned in the cathodic direction with chopped light ͑Fig. 4͒. The anodic photocurrent confirms the n-type behavior of hematite. Photocurrent spikes are seen during light chopping, which is typical for hematite. 28 The photocurrent onset is at approximately −0.05 V, in concurrence with the two-electrode measurement at the same light intensity as shown in Fig. 2 . In the potential range from the photocurrent onset to 1.2 V, the stable photocurrent is below 2.5 A/cm 2 , increasing with applied potential. This is in agreement with the short-circuit photocurrent range as shown in Fig. 3 .
The photoresponse of the GaInP 2 under identical conditions is shown in Fig. 5 . The electrode potential was first stabilized at −2.0 V for 2 min; then, the potential was scanned toward the anodic direction with chopped light. The cathodic photocurrent confirms the p-type behavior of the material. Much higher photocurrents were recorded for GaInP 2 than for hematite. At −2.0 to −1.3 V, the photocurrent stabilized at ϳ−70 to −73 mA/cm 2 . With decreasing the bias, the net photocurrent decreased gradually. Even at 0 V, a photocurrent of approximately −100 A/cm 2 could be obtained. The photocurrent onset is 0.2 V, which can be seen clearly from the inset of Fig. 5 . This is again in agreement with the measurements shown in Fig. 2 .
The high photocurrent of the GaInP 2 and low photocurrent of the hematite indicates that the latter is the limiting electrode for the two-photoelectrode combination. If we take a Nernstian shift for the HER and assume that the flatband potential ͑E FB ͒ is the same as the photocurrent onset, the stable bias generated from GaInP 2 in contact with aqueous electrolyte will be
Applying this bias to the hematite from its photocurrent onset of −0.05 V, we can obtain a potential of approximately 0.69 V. Refer- ring to Fig. 4 , at a potential of 0.69 V the photocurrent for the hematite electrode is ϳ2 A/cm 2 . This is in excellent agreement with the measured short-circuit photocurrent when the two electrodes were layered together using SE illumination for the hematite electrode ͑Fig. 3͒.
Because the GaInP 2 and the hematite are biasing each other, the above consideration can also be based on GaInP 2 with the hematite as the biasing electrode. The result will be the same as obtained above.
The reason for the low short-circuit photocurrent with the hematite-GaInP 2 combination is due to high recombination losses, low electron mobility, and short hole diffusion lengths for hematite. 23, 27, 28 Previous work about the incident-photon-to-currentefficiency ͑IPCE͒ for hematite nanorod at 0.3 V ͑vs Ag/AgCl͒ in 0.1 M NaOH resulted that IPCE was in the range of a few percent. 23, 29 This potential corresponds to ca. 0.73 V ͑vs Ag/AgCl͒ in a solution of pH 5.70 if assuming a Nernstian shift of 59 mV/pH at room temperature. In the above calculation, hematite electrode has a bias of ca. 0.69 V from the paired GaInP 2 photocathode. So, the previously measured low IPCE is reasonably valid in the present case. The low IPCE was due to the high rate of bulk recombination in combination with slow interfacial kinetics, 23 which resulted in the low short-circuit photocurrent with the hematite nanorod-GaInP 2 combination. This shows the importance of current matching for the p/n combinations, which should be considered in the p/n tandem system design. For an integrated p/n tandem device working efficiently for water splitting, both the performance of the independent photoelectrodes and appropriate matching of the photocurrents are essentials. However, the currents in the hematite-GaInP 2 combination were not balanced, thus not optimized. To obtain a higher shortcircuit photocurrent, either the hematite should be modified or another semiconducting material should be considered. It is noticed that the hematite nanorod electrode showed higher IPCE data than the undoped hematite film electrodes built up by the nanosized spherical particles; 30 the material still suffers from a relatively high bulk recombination rate. One possible improvement might be increasing the electronic donor density of the material. A pyrolytically synthesized nanocrystalline hematite film with a high donor density developed by Khan et al. 31 showed high photocurrent response, which could be a better photoanode than the present hematite nanorod.
Open-circuit and short-circuit conditions for WO 3 /GaInP 2 in H 2 SO 4 .-In the dark and in equilibrium with the electrolyte ͑3 M H 2 SO 4 ͒, the OCP of the thin-film nanostructured WO 3 electrode was 594.3 mV and that of the GaInP 2 electrode was 105.6 mV. After the two electrodes were layered according to Fig. 1 and then illuminated, the potential of WO 3 shifts cathodically and that of GaInP 2 anodically; the typical behavior is shown in Fig. 6a . At lower light intensities, the potential of WO 3 is more positive than that of GaInP 2 . As mentioned earlier, the Fermi level of the n-SC should be more negative than that of the p-SC for the two-electrode system to work. Due to the energy levels of the two semiconductors, this suggests that the system might not work at lower light intensities ͑see below͒. However, the potential difference between the two photoelectrodes increases with the light intensity. At light intensities of 0.2 W/cm 2 and higher, the potential of WO 3 is more negative than that of GaInP 2 , suggesting that the system should work as a watersplitting system at this light intensity. The potential difference of the 
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Journal of The Electrochemical Society, 155 ͑5͒ F91-F96 ͑2008͒ F94 two photoelectrodes generates the OCV and its dependence on the light is shown in Fig. 6b . This is similar to the data shown in Fig. 2b but a higher OCV is obtained. The inset of Fig. 6b shows the OCV dependency on the potential difference between the two photoelectrodes. The curve in the inset of Fig. 6b bends up, comparing to the curve in the inset of Fig. 2b . This might be due to the uneven output of the light source due to that the nanostructured WO 3 film could only absorb a very small portion ͑near UV͒ of the output light, because the light source spectrum is dominated by the visible light and infrared. Thus, the light output will not have a large impact on the behavior of hematite electrode. Any nonlinear light output will have a significant influence on the photoresponse of the WO 3 film. At 1 W/cm 2 ͑approximately 10 suns͒, the potential of WO 3 reaches 268 mV and that of GaInP 2 reaches 540 mV; this can be considered as the flatband potentials ͑E FB ͒ of the materials.
When the two electrodes were short-circuited in the dark, the dark current trended to 0. When layered according to Fig. 1 and illuminated, a short-circuit photocurrent is observed ͑Fig. 7͒. It shows that the WO 3 /GaInP 2 combination generates over 10 times more photocurrent than the hematite/GaInP 2 combination. The photocurrent increases with light intensity, as expected. At light intensities below 0.2 W/cm 2 , the photocurrent is negligible. This is in agreement with the OCP/OCV measurements of the combination ͑Fig. 6͒. Thermodynamically, for the n-p photoelectrode combination to work, the energy level of the CB of the n-type semiconductor ͑n-SC͒ must be higher than that of the VB of the p-type semiconductor ͑p-SC͒. However, at low light intensities, the photoexcited charge carriers are limited; thus, the Fermi level of the WO 3 is not close to its CB, and the Fermi level of the p-GaInP 2 is not close to its VB. Kinetically and in the electrochemical potential scale, the Fermi level of the n-SC must be more negative than that of the p-SC to ensure the electron flow from the n-SC to the p-SC in the external circuit. Although the thermodynamic condition is satisfied with this combination, the kinetic situation at low light intensities indicates that the Fermi levels of the two electrodes are either not matched or the potential difference is too little to generate a readable current flow at the external circuit. The reason is likely related to the absorption limit of the WO 3 film. According to the lamp spectrum, the majority output of the lamp is white light; therefore, very little light could be absorbed for an SC with a bandgap of 2.6 eV. A Xe lamp with a higher output in the low-wavelength range would be a better choice. After photocurrent onset at approximately 0.2 W/cm 2 , a linear photocurrent-light intensity relationship is observed. A linear photocurrent-light intensity dependency at the TiO 2 electrode was attributed to a low recombination rate by Bard and co-workers. 32 Similarly, the linear photocurrent-light intensity here indicates an efficient charge transfer to the semiconductor/electrolyte interface and a low recombination of charge carriers.
According to the above information, and assuming that the CB energy level is 0.1 V above the flatband for WO 3 and the VB energy level is 0.1 V below the flatband for GaInP 2 , the energy levels in the electrochemical potential scale of WO 3 /GaInP 2 combination in 3 M H 2 SO 4 are shown in Fig. 8 . The energy levels in Fig. 8 and 1b are simplified band alignments, in which the band-bending and surface states are not considered.
Conclusion
We combined n-type tungsten trioxide and hematite nanorod metal oxides with p-GaInP 2 and used it for direct water splitting with visible light. Under illumination at open circuit, the potential of the hematite shifted cathodically and that of the GaInP 2 shifted anodically, generating a photovoltage between the two electrodes. Under short-circuit conditions, with visible light illumination, the combination of the two photoelectrodes can split water, but with a very 
F95
Journal of The Electrochemical Society, 155 ͑5͒ F91-F96 ͑2008͒ F95 low current density ͑A/cm 2 ͒ even at 1 W/cm 2 light. The low photoresponse of the hematite stems from the combination of an indirect transition, the recombination of photogenerated charges, low electron mobility, and a short hole diffusion length. This severely limits the short-circuit current of the two-electrode combination.
The combination of nanostructured WO 3 photoanode and thinfilm p-GaInP 2 in 3 M H 2 SO 4 solution was also investigated for direct water splitting with visible light. Similar potential shifts were observed under illumination. At light intensities below 0.2 W/cm 2 , the combination would not split water due to the mismatch of the Fermi levels of the two semiconductors. This is related to the low absorption of the visible light spectrum by WO 3 . At light intensities of 0.2 W/cm 2 and above, the combination can split water under visible light illumination with ϳ20 A/cm 2 observed at 1 W/cm 2 light intensity. A linear photocurrent-light intensity relationship was obtained and was attributed to an efficient charge transfer and a low recombination of the photogenerated charge carriers. 
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